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Cell Cycle±Dependent Polar Localization
of an Essential Bacterial Histidine Kinase
that Controls DNA Replication and Cell Division
et al., 1997). CtrA controls multiple events in the cell
cycle, including the initiation of DNA replication, DNA
methylation, cell division, and flagellar biogenesis. CtrA
belongs to the large family of response regulators of
the two-component signal transduction systems. Two-
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component signaling proteins are ubiquitous in bacteria²Department of Biology
where they govern adaptive responses to a wide arrayUniversity of Michigan
of stimuli (Parkinson and Kofoid, 1992). The two-compo-Ann Arbor, Michigan 48109-1048
nent signaling strategy is also rapidly emerging as an
important player in lower eukaryotes and plants (Loomis
et al., 1998). The prototypical system consists of twoSummary
proteins: a sensor histidine kinase and a response regu-
lator. Upon sensing an intracellular or extracellular stim-The master CtrA response regulator functions in
ulus, the histidine kinase autophosphorylates a con-Caulobacter to repress replication initiation in differ-
served histidine residue via transfer of the g-phosphorylent phases of the cell cycle. Here, we identify an essen-
group from ATP. This phosphate is subsequently trans-tial histidine kinase, CckA, that is responsible for CtrA
ferred to an aspartic acid residue in the receiver domainactivation by phosphorylation. Although CckA is pres-
of the cognate response regulator. The phosphorylationent throughout the cell cycle, it moves to a cell pole
state of the receiver domain modulates the activity of thein S phase, and upon cell division it disperses. Removal
C-terminal output domain, commonly a transcriptionalof the membrane-spanning region of CckA results in
regulator, to elicit an adaptive response to the stimulus.loss of polar localization and cell death. We propose
The response regulator CtrA is vital for the processthat polar CckA functions to activate CtrA just after
of G1 exit and S phase entry in Caulobacter. Its activitythe initiation of DNA replication, thereby preventing
is under tight cell cycle control, both by phosphorylationpremature reinitiations of chromosome replication.
and by proteolysis (Figure 1) (Quon et al., 1996; DomianThus, dynamic changes in cellular location of critical
et al., 1997). CtrA is synthesized in the early predivisionalsignal proteins provide a novel mechanism for the con-
cell (early S phase) when it is phosphorylated (CtrA-P).trol of the prokaryote cell cycle.
In the late predivisional cell, just before or at cell division,
CtrA is selectively proteolyzed in the stalked compart-
ment, but not in the swarmer compartment. Thereby,Introduction
CtrA-P is inherited by the swarmer progeny cell where
it inhibits initiation of DNA replication by directly bindingAll cells, regardless of the organism, must control the
to five sites within the origin of replication (Quon et al.,timing of the initiation of DNA replication, chromosome
1998), but it is absent in the stalked progeny cell thatsegregation, and cell division. Chromosome replication
immediately initiates replication. During the swarmer-must be initiated at the correct stage of the cell cycle,
to-stalked cell transition (G1-to-S phase), CtrA activityand division must occur at the correct position in the cell
is rapidly cleared from the new stalked cell by the redun-only after segregation of the replicated chromosomes.
dant actions of dephosphorylation and degradation,Caulobacter crescentus provides a valuable prokaryotic
allowing the initiation of DNA replication. While themodel system to study cell cycle regulation and cellular
ClpXP protease has recently been implicated in cell cy-
differentiation. In Caulobacter, every cell cycle includes
cle±dependent degradation of CtrA (Jenal and Fuchs,
an asymmetric division that gives rise to two morpholog-
1998), the protein(s) involved in transmitting the phos-
ically and physiologically different progeny cells (Sha- phorylation signal to CtrA was unknown.
piro and Losick, 1997) (Figure 1). The predivisional cell Here, we report the identification of a histidine kinase,
is already polarized with a stalk at one pole and a flagel- cell cycle kinase A (CckA), that plays a crucial role in
lum at the other pole. Cell division yields a sessile the cell cycle by regulating CtrA activity. Tracking the
stalked cell and a motile swarmer cell with polar pili. spatial distribution of a CckA-GFP fusion protein in living
In addition, the two progeny cells display differential cells, we show that the CckA kinase changes cellular
regulation of DNA initiation. The swarmer cell first enters location during the cell cycle. It is polarly localized in
a G1 period during which the cell differentiates into a the early predivisional cells but becomes dispersed in
new stalked cell. During the swarmer-to-stalked cell (G1- the cell membrane prior to cell division and at other
to-S phase) transition, the flagellum is shed, the pili are times in the cell cycle. We propose that polar CckA
lost, and a stalk is formed at the site previously occupied functions to activate CtrA just after the initiation of DNA
by the flagellum. The progeny stalked cell initiates DNA replication in the early predivisional cell, thereby pre-
replication immediately after or at cell division. venting premature reinitiations of chromosome replica-
The master transcription factor, CtrA, is a cell fate tion. Thus, the presence of the CtrA protein is cell cycle±
determinant in Caulobacter (Quon et al., 1996; Domian controlled by regulated proteolysis, but its activity is
regulated by the differential localization of the CckA
histidine kinase. These observations suggest that the³ To whom correspondence should be addressed (e-mail: shapiro@
cmgm.stanford.edu). bacterial cell uses dynamic spatial control as well as
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Figure 1. Regulation of CtrA Activity during
the Caulobacter Cell Cycle
Oval and theta structures within the cells rep-
resent quiescent and replicating chromo-
somes, respectively. The presence of CtrA in
specific cell types is indicated in gray. CtrA
is present in the swarmer cell (in G1 phase)
and disappears at the swarmer-to-stalked
(G1-to-S) transition due to specific proteoly-
sis, relieving CtrA-mediated repression of the
initiation of DNA replication. Therefore, only
stalked cells initiate DNA replication. CtrA
then accumulates by de novo synthesis in
early predivisional cells, where it is activated by phosphorylation (CtrA-P). Later, a new flagellum is built at the stalk-distal pole of the
predivisional cell. Just prior to division, CtrA-P is specifically proteolyzed in the stalked compartment of the late predivisional cell. The swarmer
progeny inherits the CtrA-P, whereas the stalked progeny has no CtrA-P and can thereby initiate DNA replication.
temporal control of critical factors to regulate cell cycle magnitude every 2 hr. Thus, at 378C the mutation dis-
rupts functions essential for viability.progression.
The replication of the chromosome occurs only once
during the Caulobacter cell cycle, and the initiation ofResults
DNA replication is a temporally regulated event that is
restricted to the stalked cell phase. To test whetherIsolation of Temperature-Sensitive,
the temporal control of DNA replication initiation wasPleiotropic Mutants
perturbed in the cckATS1 mutant, we measured the DNAGiven the interplay between morphogenesis and cell
content of cckATS1 mutant cells by flow cytometry (Fig-cycle progression in Caulobacter, spatially localized or-
ure 2B). At 288C, the DNA content of cckATS1 cells wasganelles and events critical for the progression of the
fairly similar to that of wild-type cells, with most cellscell cycle must share regulatory factors. CtrA is such a
possessing one or two chromosomes per cell. Uponfactor; it controls both polar organelle development and
shift to 378C, however, DNA initiation was no longercell cycle events. Therefore, to identify novel genes es-
regulated. By 1 hr after the shift, there were no cellssential for the control of both cellular differentiation and
with one chromosome (data not shown), and by 4 hrcell cycle progression, we isolated temperature-sensi-
most cells contained approximately ten chromosomestive (ts) mutants defective in polar organelle develop-
(Figure 2B). Wild-type cells shifted to 378C did not accu-ment at 288C and defective in functions essential for
mulate chomosomes. It is known that CtrA directly re-viability at 378C. Of the spatially localized developmental
presses the initiation of DNA replication by binding tomarkers, two pole-specific deficiencies can be easily
five sites within the origin of replication (Quon et al.,screened for: a deficiency in polar pilus formation can be
1998). In the loss-of-function ctrA ts mutant (ctrA401),scored as bacteriophage FCbK resistance (J. Skerker,
initiation of replication is no longer regulated at 378C,personal communication), and a deficiency in flagellar
and the result is chromosome accumulation (Quon etbiogenesis or motility can be scored as a reduced swarm
al., 1998), similar to what is seen in the cckATS1 mutant.size on soft agar. A two-step screen was performed to
isolate mutants that were phage resistant, nonmotile,
and ts lethal. Five independent mutants that could grow CckA Is a Histidine Kinase Protein
at 288C but not at 378C were isolated. For four of these that Is Essential for Viability
ts mutants, the phenotypes could be corrected by ex- All of the observed cckATS1 phenotypes were comple-
pressing the ctrA gene from a plasmid, strongly sug- mented by a single cosmid from a genomic library. Sub-
gesting that the mutations lie within the ctrA gene itself. cloning experiments identified an open reading frame
The remaining ts mutant, cckATS1, was kept for further (ORF) of 2.08 kb, which, when expressed from a plasmid
investigation. in the cckATS1 mutant, restored normal cell division,
motility, phage sensitivity, and viability at 378C. The
translated ORF shows extensive homologies with mem-The Regulation of Cell Division and the Initiation
of DNA Replication Are Aberrant bers of the histidine kinase superfamily of two-compo-
nent signal transduction proteins. CckA belongs to thein the cckATS1 Mutant
As shown by phase contrast microscopy (Figure 2A), at subclass of sensor histidine kinases that not only have
the typical transmitter domain (including the conserved288C the cckATS1 strain already exhibited a mild cell
division defect, but upon shifting to 378C, cell division histidine and catalytic boxes) but also a receiver domain
(amino acids 565±691) that is homologous to the amino-rapidly ceased and the cells became extremely filamen-
tous. Most filaments were unpinched, indicating that terminal half of response regulators (Figure 3A). At the
N terminus, CckA has two predicted transmembranecell division is most likely blocked prior to the initiation
of cytokinesis. Even at 378C, the cckATS1 mutant contin- segments (TM) separated by only about eight amino
acids that would be exposed to the periplasmic space.ued to accumulate cell mass at a rate similar to wild-
type (as determined by the optical density at 660 nm). The membrane localization of the protein was confirmed
by biochemical fractionation (see below, Figure 6B). TheImmediately after temperature shift to 378C, the number
of colony-forming units (cfu) stopped increasing; 2 hr cckATS1 allele has a double replacement of Ile-484 and
Pro-485 residues by Asn and Ala residues, respectivelyafter, the cfu began to drop at a rate of one order of
Cell Cycle Localization of a Bacterial Kinase
113
Figure 3. The CckA Histidine Kinase Is Required for In Vivo CtrA
Phosphorylation
(A) Diagram showing the organization of domains in the CckA kinase.
CckA is a hybrid kinase that contains both the transmitter module
found in histidine kinases and the receiver module found in response
Figure 2. The Regulation of Cell Division and the Initiation of DNA regulators. H322 and D623 indicate the conserved phosphorylation
Replication Are Aberrant in the cckATS1 Mutant sites. The asterisk indicates the site of mutation in the cckATS1
allele. The two hydrophobic transmembrane sequences (TM) are(A) Phase contrast micrographs of wild-type CB15N cells, cckATS1
represented as filled bands within the rectangle.mutant cells, and cckATS1 cells carrying a cosmid that suppresses
(B) In vivo phosphorylation of CtrA. Samples of cells grown at 288Cthe ts lethality phenotype. Cultures were grown at 288C and/or 378C
were labeled with [32P]H3PO4 for 12 min, lysed, and immunoprecipi-for 4 hr. The white horizontal bar represents 4 mm.
tated with anti-CtrA sera. CtrA-32P was resolved on a 12% SDS(B) DNA content was measured by flow cytometry of chromomycin
polyacrylamide gel and visualized on a Molecular Dynamics Phos-A3±stained cells that were grown at 288C and/or 378C for 4 hr. 1N
phoimager.and 2N represent one or two chromosomes, respectively.
(C) Samples of cells used in (B) were evaluated for the presence of
total CtrA protein by immunoblot.
(site shown by asterisk in Figure 3A). Both residues are
conserved among histidine kinases (Parkinson and Ko- a second functional copy of cckA, indicating that the
CckA kinase is essential for viability.foid, 1992). Moreover, recent NMR studies on the histi-
dine kinase domain of the Escherichia coli EnvZ have
shown that the equivalent of CckA Ile-484 is important CckA Is Required for CtrA Phosphorylation In Vivo
The ts ctrA401 mutant shares many phenotypes within ATP binding (Tanaka et al., 1998).
The recessive ts lethal phenotype of the cckATS1 mu- the cckATS1 mutant: they are both phage FCBK resis-
tant, and both initiation of DNA replication and cell divi-tant suggests an essential role for the CckA protein.
To confirm this assumption, we constructed a plasmid- sion are perturbed. These observations are consistent
with a model whereby CckA modulates the activity ofborne copy of a cckA null allele in which most of the cckA
coding sequence had been replaced by the gentamicin- CtrA. The CtrA transcription factor regulates the pro-
moter activity of several important cell cycle genes; itresistance gene cassette (DcckA::GentR). Disruption of
the wild-type chomosomal cckA gene was impossible activates the promoter of the ccrM gene, which encodes
a DNA methyltransferase, it represses the promoter inunless a functional episomal copy of cckA was present.
A transducing phage lysate was prepared from the chro- the origin of replication, and it activates the ctrA pro-
moter itself (Quon et al., 1996; Domian, 1998). We there-mosomal DcckA::GentR strain harboring the wild-type
cckA gene on a plasmid (pMR10cckA). The lysate was fore tested the CtrA-regulated promoters for their de-
pendence on cckA using promoter fusions to lacZ.used to transduce strains with or without pMR10cckA.
GentR transductants (1500) were recovered in CB15N/ b-galactosidase assays showed that transcription from
the ccrM promoter was decreased in the cckATS1 mu-pMR10cckA, but none were recovered in CB15N. Thus,
chromosomal disruptions occur only in the presence of tant relative to wild-type (3-fold or 10-fold reduction at
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performing pulse±chase experiments with [35S]methio-
nine followed by immunoprecipation using anti-CckA
antibodies. No significant degradation of CckA was
measured for over a period of 4 hr (data not shown).
Since the cell cycle under these experimental conditions
takes about 2.5 hr, the CckA protein remains stable
during the entire cell cycle. A similar experiment with
the cckATS1 strain showed that the CckATS1 protein
defective in CtrA phosphorylation was as stable as the
wild-type protein.
CckA-GFP Transiently Localizes to the Pole
in a Cell Cycle±Dependent Manner
As we have seen, CckA is present at constant levels
throughout the cell cycle. Yet CtrA is present in its phos-
phorylated state in swarmer and predivisional cells butFigure 4. CckA Is Present throughout the Cell Cycle
not in stalked cells. This implies that the activity of theCell extracts from synchronous populations of cells were analyzed
for the presence of CckA (A) or CtrA (B) by immunoblot. Samples kinase is modulated. In eukaryotic systems, kinase ac-
of cells were taken every 20 min during a 140 min cell cycle. The tivity can be modulated by subcellular localization
Caulobacter cell cycle is depicted schematically. (Mochly-Rosen, 1995). We therefore investigated the
cellular location of CckA by replacing the chromosomal
cckA gene by a translational cckA-gfp fusion. The chro-
288C and 378C, respectively). Activity from the replica- mosomal copy of cckA-gfp was obtained by homolo-
tion origin promoter was increased approximately 2-fold gous recombination that preserved the cckA native pro-
relative to wild-type at both 288C and 378C. The level of moter. In these cells, the CckA-GFP fusion protein was
ctrA transcription was reduced 2-fold in the cckATS1 fully functional. Time lapse fluorescence microscopy
mutant as compared to wild type at both temperatures. starting with a synchronous population of swarmer cells
These results are consistent with the respective activat- was performed to assess CckA-GFP localization during
ing or repressing activity of CtrA on these promoters the cell cycle. An aliquot of cells in a chamber on the
(Quon et al., 1996; Domian, 1998), arguing that CckA microscope stage showed a doubling time of approxi-
affects CtrA activity. mately 200 min. Fluorescence images were taken every
Since CtrA is a response regulator, which requires 30 min for 270 min to observe the localization of CckA-
phosphorylation for activity, the CckA histidine kinase GFP as the cell cycle progressed. The different stages
may be directly or indirectly responsible for the phos- of the cell cycle were visualized by phase contrast mi-
phorylation of CtrA. We therefore asked whether the croscopy. The inherent polarity in Caulobacter function-
phosphorylation of CtrA was affected in the cckATS1 ally distinguishes one end of the cell from the other by
mutant. Cells were labeled with [32P]H3PO4, and CtrA the presence of polar markers. For example, the pole
was immunoprecipitated from cell extracts using anti- where the stalk is located is the old pole, whereas the
CtrA antibodies. The incorporation of 32P into CtrA was stalk-distal pole is the newer pole made after cell divi-
detected by autoradiography. As shown in Figure 3B, sion. Figure 5 illustrates an example of a time lapse
the level of CtrA phosphorylation in the cckATS1 mutant, experiment. The images are presented serially with the
even at 288C, was dramatically reduced compared to phase contrast images in the left column and the corre-
that in wild-type CB15N cells. This was not due to a sponding fluorescence images in the right column. In the
lower level of CtrA protein in the cckATS1 mutant, since, first quarter of the cell cycle (0±60 min), the fluorescent
as shown by immunoblot analysis, the abundance of signal appeared more or less evenly distributed within
CtrA protein was similar to wild-type levels (Figure 3C). the cells. It is in fact more or less evenly distributed in
CtrA phosphorylation was restored to a wild-type level the cell membrane, and not in the cytoplasm, since as
by expressing the wild-type cckA gene from a plasmid shown by cell fractionation, CckA-GFP is a transmem-
(pMR10cckA) in the mutant cckATS1 (Figure 3B). Thus, brane protein (Figure 6B). After differentiation into early
the CckA kinase either directly or indirectly mediates predivisional cells (after 80±100 min), the CckA-GFP sig-
CtrA activity by modulating its phosphorylation. nal was found concentrated at one pole, which was
always the pole opposite to the stalk (i.e., the newer
pole). The fluorescent signal remained polar until cellCckA Is Present throughout the Cell Cycle
CtrA is subject to cell cycle±regulated proteolysis (Dom- division (at about 210±240 min). After the polar localiza-
tion of CckA-GFP to the stalk-distal pole, about 20% ofian et al., 1997). To test whether the CckA kinase levels
parallel CtrA presence during the cell cycle, swarmer the cells acquired a second fluorescent dot at the
stalked pole (i.e., the older pole). For those cells, thecells were isolated and allowed to proceed synchronously
through the cell cycle. Immunoblot assays using anti- fluorescence at the stalked pole was significantly
weaker than that at the stalk-distal pole. At cell divisionCckA antibodies or anti-CtrA antibodies were performed
on samples of synchronized populations of wild-type (after 210±240 min), the fluorescence signal delocalized
and was redistributed thoughout the cell membrane ofcells. CckA was found to be present at similar levels in
all cell types (Figure 4A), in contrast to CtrA (Figure 4B). the progeny cells. The movement of CckA-GFP proteins
during the cell cycle can also be visualized in a quicktimeThe stability of the CckA protein was determined by
Cell Cycle Localization of a Bacterial Kinase
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bleached away as the signal-to-noise ratio decreased
with accumulation of UV exposure.
Since CckA is a stable protein that is present at similar
levels throughout the cell cycle, the change in CckA
distribution during the cell cycle does not appear to be
regulated by specific proteolysis or de novo synthesis,
but instead, it is due to the cell cycle±controlled move-
ment of the same pool of proteins and their anchoring
at the pole(s).
Both Polar Localization and Activity of CckA
Require Membrane Anchoring
To determine whether membrane targeting was essen-
tial to CckA polar localization, we generated a construct
in which the predicted transmembrane region was de-
leted. The resulting mutant protein, CckADTM, was ex-
pressed from a plasmid (pMR20cckADTM) in wild-type
CB15N. A chromosomal disruption of the wild-type cckA
gene was attempted in the CB15N/pMR20cckADTM
strain by transduction of DcckA::GentR knockout and
selection for gentamycin-resistant (GentR) recombi-
nants. No GentR transductants could be obtained when
CckADTM was expressed from a plasmid, whereas un-
der the same conditions, 200 GentR transductants were
recovered when wild-type cckA was expressed in trans.
This indicates that the transmembrane domain of CckA,
and therefore membrane anchoring, is essential for via-
bility. Next, we fused the CckADTM mutant allele to GFP
(Figure 6A). When the mutant CckADTM-GFP protein
was expressed from a plasmid (pMR10cckADTMGFP)
in wild-type CB15N, it was mainly found in the soluble
fraction after biochemical fractionation, whereas the
chromosomal CckA-GFP remained in the membrane
fraction (Figure 6B). A small fraction of CckADTM-GFP
Figure 5. CckA-GFP Exhibits Dynamic Changes in Cellular Localiza-
was found to be associated with the membrane, maybetion in Living Cells
through heterodimerization with the wild-type CckAA pure population of swarmer cells was placed on a glass slide in
protein as explained below. We examined the cellularan agarose pad containing minimal medium and were allowed to
distribution of CckADTM-GFP in wild-type CB15N byprogress synchronously through the cell cycle. Images of the grow-
ing and differentiating cells were taken every 30 min. The phase fluorescence microscopy. As shown in Figure 6C, the
contrast images are in the left column, and the fluorescence from CckADTM-GFP was homogenously distributed through-
GFP is in the right column. A schematic representation of CckA- out the cell and failed to preferentially segregate to the
GFP localization (in red) in a cross section of the leftmost cell is
pole of predivisional cells, unlike CckA-GFP. The fluo-also illustrated. The black horizontal bar represents 2 mm.
rescent signal was mostly attributed to the GFP fusion
proteins and not to the intrinsic fluorescence of the cell,
since in the same experimental conditions, hardly anymovie sequence corresponding to what is seen in Figure
fluorescence was detected from wild-type CB15N (Fig-5 (http://www.cell.com/cgi/content/full/97/1/111/DC1).
ure 6C). The lack of CckADTM-GFP protein localizationStarting with a population of predivisional cells (which
was evident in all cell types. Thus, the transmembranewere synchronized by isolating swarmer cells and al-
region, and therefore the anchor to the cell membrane,lowing them to differentiate into predivisional cells), we
is essential for both viability and polar localization.examined the cell cycle CckA-GFP localization pattern
The loss of polar localization may cause cell death.of CckA-GFP during the cell cycle of the second genera-
Alternatively, the CckA transmembrane domain may betion of progeny cells. For both progeny cells, the polar
essential for two independent events: polar localizationlocalization exhibited the same cell cycle periodicity that
and histidine kinase activity. CckA contains two closelywas seen in the first generation swarmer and stalked
spaced stretches of hydrophobic amino acids at its Ncells (this is shown schematically in Figure 7). However,
terminus (approximately eight amino acids separate the60% of the starting predivisional cells had a weak fluo-
two stretches of hydrophobic amino acids), which sug-rescent signal at the stalked pole in addition to the
gests that there is no periplasmic domain (Figure 6A).stronger fluorescent signal at the stalk-distal pole (data
This hydrophobic region likely functions as a transmem-not shown). This is three times as much as that observed
brane hook. Many histidine kinases function as dimers,in the time lapse experiment that started with a swarmer
with phosphorylation occuring in trans (Surette et al.,population of cells. It is likely that in the latter case,
the weak fluorescent signal at the stalk pole had been 1996). The transmembrane segments may be involved
Cell
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Figure 6. The CckA Transmembrane Domain Is Essential for Polar Localization
(A) Schematics of wild-type (WT) CckA protein, CckA-GFP fusion protein, and CckADTM-GFP, which has an in-frame deletion of the two
transmembrane sequences.
(B) Wild-type CckA and CckA-GFP proteins are transmembrane proteins, whereas the CckADTM-GFP protein is soluble. Subcellular localization
of WT CckA, CckA-GFP, and CckADTM-GFP. Soluble (S) and membrane protein (M) fractions were prepared from a mid-log-phase culture of
CB15N, CB15NcckA::gfp, and CB15N/pMR10cckADTM-GFP cells, as described in Experimental Procedures. Proteins from all fractions,
including a whole-cell control (W), were resolved on a 10% SDS polyacrylamide gel and immunoblotted using anti-CckA sera.
(C) The lack of membrane anchoring by deletion of the transmembrane domain disrupts CckA polar localization in predivisional cells.
Fluorescence microscopy of predivisional cells expressing CckA-GFP and CckADTM-GFP fusion proteins. CckA-GFP is expressed as the
only copy of cckA in the cell. In cells expressing CckADTM-GFP, the wild-type copy of cckA must also be present because CckADTM does
not not support viability by itself. A fluorescence image of CB15N predivisional cells expressing only wild-type CckA and no GFP fusion was
also analyzed to assess the natural fluorescence coming from the cell. The corresponding phase contrast pictures are shown on the right of
each fluorescence image. The arrows show the stalks. The black horizontal bar represents 2 mm.
in the dimerization process that is known to be an im- Discussion
portant factor in the regulation of histidine kinase ac-
tivities (Surette et al., 1996). In an attempt to determine By screening for ts lethal mutants with polar organelle
defects, we have identified a novel histidine kinase,the importance of the CckA transmembrane region,
pMR20cckADTM was introduced into the cckATS1 mu- CckA, that controls initiation of DNA replication and cell
division in Caulobacter. Like the CtrA response regula-tant strain. CckADTM corrected the cell division defect
and the ts lethal phenotype of the cckATS1 mutant (data tor, the CckA histidine kinase is essential for viability.
That CckA is required for CtrA phosphorylation in vivonot shown), arguing that the CckADTM protein can di-
merize with the CckATS1 mutant protein. A functional strongly suggests that CckA is involved in cell cycle
control by modulating CtrA activity through phosphory-heterodimer, CckATS1/CckADTM, suggests that each
mutant monomer provides the function that is defec- lation. CckA might also modulate the activity of other
response regulators. The transmitter domain of CckAtive for the other monomer. Thus, the CckATS1 protein
provides the anchor to the cell membrane, and the contains a conserved histidine (His-322), which is the
proposed site of autophosphorylation. The transfer ofCckADTM protein compensates for the kinase activity.
Therefore, the CckADTM allele can apparently dimerize the phosphoryl group on His-322 could be directly trans-
ferred to CtrA. Alternatively, a multistep phosphorelaybut cannot localize by itself.
Cell Cycle Localization of a Bacterial Kinase
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Figure 7. Model of Cell Cycle Control by Localization of Two-Component Signal Transduction Proteins
including additional proteins may be involved in phos- of the CckADTM mutant protein as the only copy of
CckA could not support viability. The CckADTM mutantphorylating CtrA. Both possibilities are equally possible,
especially because of the unusual presence of a receiver could, however, correct the cckATS1 phenotypes, sug-
gesting that in conjunction with the CckATS1 protein,domain C-terminal to the transmitter domain of CckA.
Other histidine kinases known to have this unusual hy- the CckADTM protein was functional, most likely by
forming heterodimers. Therefore, deletion of the trans-brid structure include Agrobacterium tumefaciens VirA,
the E. coli RcsC, and at least eight histidine kinases membrane domain does not appear to abolish dimeriza-
tion. Membrane association of CckA is therefore criticalfrom eukaryotic microorganisms (Stout and Gottesman,
1990; Chang and Winans, 1992; Ota and Varshavsky, for both activity and cell cycle±dependent localization.
It is tempting to speculate that the polar localization1993; Chang et al., 1993; Kakimoto, 1996; Loomis et al.,
1998). The CckA C-terminal receiver domain may have rather than the mere association to the membrane deter-
mines CckA activity and ultimately viability.an inhibitory function, as proposed for the A. tumefa-
ciens VirA receiver (Pazour et al., 1991; Chang and Wi- We envision that localization of two signal transduc-
tion proteins, CtrA and CckA, contributes to cell cyclenans, 1992), or it may be required for a multirelay phos-
photransfer to CtrA. control (Figure 7). CckA localization to the cell pole oc-
curs after the initiation of DNA replication, and delocal-Even though CtrA is turned over at discrete times in
the cell cycle, CckA protein levels remain unchanged, ization occurs upon completion of replication. Just after
the initiation of DNA replication in the early predivisionaland the stability of the protein exceeds the length of
the cell cycle. Examination of the CckA-GFP chimera in cells, CtrA accumulates and is phosphorylatedÐdirectly
or indirectlyÐby CckA to ensure that once replicationsynchronized living cells showed that CckA was more
or less evenly distributed in swarmer and stalked cells. is initiated, active CtrA-P binds to the origin to prevent
premature reinitiations. The activation of CckA by itsIn early predivisional cells, however, the CckA-GFP pro-
teins concentrated at the pole opposite to the stalk (i.e., polar localization may depend on a cell cycle cue or
upstream factor that is localized at the pole before CckA.at the pole formed by the previous cell division). The
polar localization of CckA-GFP was retained until cell Later in the cell cycle, CtrA-P is cleared from the stalked
compartment of the predivisional cell but remains stabledivision. Some predivisional cells gained another, but
weaker, fluorescent signal at the stalked pole, indicating in the swarmer compartment. At division, CckA is delo-
calized in both progeny cells. In the stalked progenythat in this population of cells, CckA-GFP accumulated
at both poles. At cell division, CckA-GFP was redistrib- cell, the redundant actions of dephosphorylation and
clearance of CtrA by proteolysis ensure that DNA repli-uted around the cell membrane, and it did not relocalize
to the new pole until the progeny cells differentiated cation is initiated. Just after the initiation of replication,
CckA polarly localizes and remains localized as DNA isinto early predivisional cells. Thus, although the overall
amount of the CckA protein does not vary during the replicating. In this active form, CckA phosphorylatesÐ
directly or indirectlyÐthe newly synthesized CtrA pro-cell cycle, the spatial distribution of the CckA protein in
the cell exhibits striking changes. tein, which then, as CtrA-P, binds to the origin and pre-
vents extra initiations. On the other hand, the swarmerDeletion of the predicted transmembrane-spanning
region of CckA disrupted polar localization. Expression progeny inherits CtrA-P from the predivisional cell,
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which prevents DNA from initiating replication. CckA is (Nigg et al., 1985; Adams et al., 1991). Because of the
relatively small cell size and the lack of conspicuousdelocalized in the swarmer cell, so that CtrA is no longer
internal structures and compartments in prokaryotes,continuously phosphorylated by CckA. One possibility
the existence of a mechanism for signal transductionis that as the cells differentiate into stalked cells, the pool
by localization of kinases seemed unlikely. However, theof CtrA-P progressively decreases to below a threshold
discovery that in Caulobacter, CckA changes its cellularconcentration that is needed to maintain repression of
location as a function of the cell cycle emphasizes thatDNA initiation. In this scenario, the inactivation of the
prokaryotes and eukaryotes use similar strategies toCckA kinase by its loss of polar localization results in
solve the universal problems of cell cycle regulation.the progressive dephosphorylation of CtrA, essential for
the exit from G1 phase and entry into the S phase.
Experimental ProceduresAlternatively, another kinase activity may be required for
ensuring repression of DNA initiation in swarmer cells.
Bacterial Strains, Plasmids, and Media
The spatial distribution of CckA does not appear to Caulobacter crescentus CB15N (wild-type, also named NA1000) and
require proteolysis or de novo synthesis of CckA. In- derivative strains were grown in peptone-yeast extract (PYE com-
stead, the protein moves to the pole(s) at the early predi- plex media) or M2G (minimal media) (Ely, 1991). Plasmids were
mobilized from E. coli strain S17-1 into C. crescentus by bacterialvisional cell stage, and it is retained there until the cell
conjugation (Ely, 1991). The ts allele of ctrA, ctrA401, was describeddivides when it is redistributed throughout the cell mem-
previously (Quon et al., 1996). The entire cckA gene plus sequencesbrane. This protein movement raises multiple questions.
downstream was cloned into the vector pBluescriptII KS1 (Stra-
How does CckA get to the pole and remain there? How tagene) as a blunt-end SmaI/PflMI fragment yielding the plasmid
does CckA identify the stalk-distal pole? What explains pKS1cckA. The plasmid pMR10cckA contains wild-type cckA on
the low copy number plasmid pMR10 (Roberts et al., 1996). Thethe temporal control of its localization? The mechanisms
plasmid pMR20cckADTM containing the cckADTM mutant alleleresponsible for the movement to and the anchoring at
with an in-frame deletion of the DNA sequence encoding thethe pole are unknown. Are motor proteins involved? It
transmembrane region was generated as follows. Using primers
is possible that diffusion in the cell membrane accounts NcoI-NOTM (59-TTTCCATGGGCGCTTTCCGGCGGCGACGCC) and
for the movement and that a multiprotein complex is cckA720 (59-CGAAGGCGTCCAGCGAGCT) and the plasmid pKS1cckA
assembled at the pole after the initiation of replication, as a template, we generated a 328 bp NcoI/MluI PCR fragment in
which an NcoI site was introduced just downstream of the DNAwhich functions as a ªsinkº for CckA polar accumulation.
sequence encoding the transmembrane region. The original 478An anchor-like structure, which might be laid down at
bp NcoI/MluI fragment from pKS1cckA containing the wild-typethe pole at the time of cell division, could provide the sequence and the 50 amino acids of the transmembrane region
positional information that later leads to the CckA com- was replaced by the 328 bp NcoI/MluI PCR fragment, yielding the
plex at the cell pole. Intriguingly, a closer analysis of plasmid pKS1cckADTM. The 328 bp NcoI/MluI DNA sequence of
pKS1cckADTM was sequenced on both strands to ensure that noCckA-GFP distribution during the first third of the cell
undesirable mutation had been introduced. An EcoRI/HindIII frag-cycle (when CckA-GFP is mainly delocalized) revealed
ment from pKS1cckADTM containing the cckADTM allele wasthat the protein is not always homogenously distributed.
cloned into pMR20 (Roberts et al., 1996). The chromosomal cckA-
This can already be seen in Figure 5 (0±60 min). By gfp translational fusion was generated as follows. The gfp gene was
shortening the time intervals between fluorescence im- PCR amplified using the vector pEGFP-N2 (CLONTECH) encoding
a red-shifted variant of GFP with the double±amino acid substitu-ages down to 10 min, we found that in a significant
tion of Phe-64 to Leu and Ser-65 to Thr and the primers Pst-GFPproportion of cells, the fluorescent signal was diffuse
(59-TCAAGCTTCGACTGCAGCGACGG) and Hind-GFP (59-GCTGCwithin the cell membrane with a fluorescent dot at one
AATAAACAAGCTTAC), which introduced a PstI site upstream of the
pole, suggesting that some CckA proteins begin to ac- gfp gene and a HindIII site downstream of the gfp gene. The PstI/
cumulate at that location. Later, the fluorescent dot HindIII PCR fragment carrying the entire gfp sequence was fused
to the C terminus of CckA on the integration vector pBGST18disappeared, only to reappear at the opposite pole.
(M. R. K. Alley, unpublished data), thereby deleting the last twoEventually, all the fluorescent signal accumulated at the
amino acids of CckA and making an in-frame fusion between CckAstalk-distal pole and no longer moved until dispersion
and GFP. The resulting plasmid, pBGST-cckA-gfp, was mobilized
at cell division (data not shown). Thus, it appears that into wild-type C. crescentus CB15N and allowed to integrate at the
transient accumulations of CckA, moving from one pole cckA locus through homologous recombination. The resulting strain,
to the other, precede finding its true site at the stalk- CB15NcckA::gfp, expressed the cckA-gfp allele from the cckA pro-
moter as the only copy of cckA on the chromosome. A cckADTM-distal pole. This phenomenon is under active investiga-
gfp mutant allele was also constructed and was expressed undertion, as we believe it might help unravel the mechanisms
the control of the endogenous cckA promoter from the low copydirecting the cell cycle±dependent localization of CckA.
number plasmid pMR10. The resulting plasmid, pMR10cckADTM-
The localization of serine and threonine kinases is an GFP, was introduced into wild-type CB15N, yielding a strain ex-
essential component of signal transduction in eukary- pressing a wild-type copy of cckA and the cckADTM-gfp mutant
allele.otes (Mochly-Rosen, 1995). Activation of these protein
kinases, usually caused by stimulation of many signaling
Isolation of Temperature-Sensitive Pleiotropic Mutantscascades, results in translocation and compartmental-
UV-mutagenized CB15N cells were plated on soft agar containingization of these kinases to specific sites where they the bacteriophage FCbK at 288C. Phage-resistant mutants with
phosphorylate target transcription factors. For example, small swarm size were further screened for ts lethality at 378C. Of
in animal cells, activated members of the mitogen-acti- approximately 10,000 phage-resistant mutants screened, approxi-
mately 1,200 had a reduced swarm size. Of these, five independentvated protein kinases (MAPK) are translocated from the
mutants were viable at 288C but not at 378C.cytoplasm to the nucleus at specific times of the cell
cycle (Chen et al., 1992; Lenormand et al., 1993). Regu-
Complementation of the cckATS1 Mutant
lated nuclear translocation upon activation of the cata- and Sequence Searches
lytic subunit of the cAMP-dependent protein kinase A A cosmid library of C. crescentus genomic DNA (Alley et al., 1991)
was introduced into the cckATS1 mutant strain by mating andis another well-known example of kinase localization
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screened for temperature-resistant growth at 378C on PYE plates. intervals after the pulse, aliquots of cells were lysed and were immu-
noprecipitated with anti-CckA antiserum. [35S]CckA was resolvedOne cosmid that could correct all cckATS1 phenotypes was iso-
lated. Restriction fragments of the cosmid were subcloned into plas- on a 10% SDS polyacrylamide gel and quantitated with a Molecular
Dynamics Phosphoimager.mids pMR10 or pMR20 based on their ability to complement the ts
cckATS1 defect at 378C. The complementing plasmid containing Soluble and membrane protein fractions were prepared from log-
phase cultures as previously described (Stephens et al., 1997).the cckA gene was sequenced on both strands. The nucleotide
sequence of cckA has been deposited under GenBank accession
number AF133718. The chromosomal cckATS1 allele was cloned In Vivo Phosphorylation
using a plasmid recovery technique and sequenced to identify the In vivo phosphorylation experiments were performed as previously
mutation. The sequence similarity search using the CckA protein described (Domian et al., 1997) with the following modification: each
sequence as a query was done with BLAST (Altschul et al., 1990). sample was immunoprecipitated with 2 ml of anti-CtrA.
The TMpred program was used to make a prediction of membrane-
spanning regions and their orientation. The algorithm is based on
Microscopy, Photography, and Time Lapse Experimentsthe statistical analysis of TMbase, a database of naturally occuring
Photomicrographs were taken as previously described (Webb et al.,transmembrane proteins (Hofmann and Stoffel, 1993).
1998). For observation of GFP signals, synchronous populations of
swarmer or predivisional cells were placed on a microscope slide
Allelic Replacement Experiments with a pad of agarose (0.5% in M2G medium). A coverslip was
The chomosomal cckA null allele was constructed using a two-step placed on the cells, excess agarose was cut away, and then the
knockout technique. A GentR cassette from the plasmid pUCGM, coverslip was sealed with melted Valap (1:1:1 vaseline-lanolin-paraf-
encoding a gentamycin resistance determinant flanked by transcrip- fin wax). This slide was placed on a microscope stage, which was
tional and translational stop signals (Schweizer, 1993), was ligated at room temperature (228C). Samples were observed on an Olympus
between the upstream and dowstream DNA sequences of the cckA BX60 microscope using a MicroMax cooled charged-coupled de-
gene. The disrupted gene was moved to an integration plasmid, vice camera with a Kodak KAF-1400 chip from Princeton Instru-
pNPTS138, carrying the sacB gene (M. R. K. Alley, unpublished ments.
data), creating pNPTKO. pNPTKO was introduced into CB15N/
pMR10cckA. Kanamycin- and gentamycin-resistant integrants were
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